We investigate ethylene adsorption on clean and oxygen-covered Ag͑100͒ dosing gas-phase molecules at selected kinetic energies E i by a supersonic molecular beam and by performing time-resolved x-ray photoemission measurements at the SuperESCA beamline of Elettra. In accord with a previous study ͓Chem. Phys. Lett. 331, 177 ͑2000͔͒ we find that at low crystal temperatures T ethylene can access a variety of adsorption states. In particular, metastable physisorption is observed for all E i . Chemisorption into the -bonded state occurs only for ethylene seeded in He (E i ϭ0.36 eV) and for TϽ110 K for the clean surface, while it occurs readily when the surface is precovered with oxygen, the barrier to adsorption being removed. Apart from these species the data show the existence of a further, very weakly bound, state desorbing at Tϭ110 K which was not reported previously, to our knowledge.
I. INTRODUCTION
A recent supersonic molecular-beam investigation of ethylene adsorption on clean and oxygen precovered Ag͑100͒ performed by some of us 1 showed that gas-phase molecules can access several states, depending on their translational and vibrational energy. At a crystal temperature Tϭ105 K, metastable physisorption occurs 2 with a characteristic desorption time of 0.7 sec, corresponding to an adsorption energy of 0.247 eV/molecule ͑assuming a prefactor of 10 12 Hz). Chemisorption takes place in two configurations and, presumably, di-bonded. They are characterized by desorption temperatures of Tϭ140 K and Ϸ200 K, respectively, and by quite different spectroscopic signatures when monitored by high resolution electron-energy-loss spectroscopy-͑HREELS͒. For the bare surface, the access into both chemisorbed states is activated: translational energy being is to form the bonded moiety, and both vibrational and translational energy are needed for the di--bonded species. For an oxygen precovered surface, adsorption into the -bonded state is, on the contrary, nonactivated. -bonded ethylene was also observed in backfilling experiments on Ag͑110͒. 3 Also in the latter case adsorption is promoted by oxygen precoverage ͑factor 10 increase in the sticking probability͒, and the authors invoked the presence of subsurface oxygen to account for the residual sticking on the clean surface, suggesting that truly clean Ag͑110͒ is inert.
The presence of an activation barrier for adsorption into a -bonded state is quite intriguing, since bonding corresponds to little or no distortion of the molecule and to a very small charge transfer to the surface. Recent densityfunctional-theory calculations found, moreover, that on Ag͑100͒ ethylene chemisorbs only at defect sites, like at adatoms. 4 Recent experimental results indeed showed that nonactivated adsorption occurs on Ag͑410͒. 5 The experimentally observed activation barrier on flat Ag͑100͒ might thus be connected to the energy needed to produce the defect at which chemisorption can take place. The availability of a molecular beam source at the SuperESCA beamline of the Elettra Synchrotron Light Source in Trieste allowed us to reinvestigate the ethylene-Ag͑100͒ system with high-energy resolution, time-resolved, x-ray photoemission spectroscopy ͑XPS͒. The experiments, performed with the nozzle at room temperature, confirm previous findings on the impact energy dependence of the final adsorption state, and show, moreover, the existence of a further, very weakly bound, moiety which has so far escaped observation, to our knowledge.
II. EXPERIMENT
The molecules were dosed with a supersonic molecular beam, recently installed at the SuperESCA beamline at Elettra. 6 XPS measurements were recorded while dosing, thus allowing for a time-resolved investigation of photoemission on a 20-sec time scale. The molecular beam was produced by a ceramic nozzle, which could, however, not be heated during the present beamtime, so that we were able to reproduce only the results of Ref. 1 achieved with the nozzle at room temperature. The translational energy E i was controlled by using either a pure ethylene beam or ethylene seeded in helium at a 3% concentration. E i was measured in situ by a time-of-flight measurement and reads 0.10 eV for the pure beam and 0.36 eV for the seeded beam. For the pure beam the flux ⌽ was determined by a spinning rotor gauge and reads 0.007 ML/sec ͑monolayers of substrate atoms, 1 MLϭ1.18ϫ10 15 atoms cm Ϫ2 ). For the seeded beam ⌽ was calibrated with respect to the flux of the pure beam, by comparing the C 2 H 4 partial pressures, and reads 0.014 ML/ sec. The direction of incidence of the beam was 24°off the normal to the surface of the sample.
In order to maximise the surface sensitivity and the XPS cross section, the C 1s region was investigated with a photon energy h of 400 eV and the O 1s region with h ϭ650 eV. Given the photoemission cross sections of the O 1s and C 1s levels 7 and the photon flux, the sensitivity to C is Ϸ3.2 times larger than that to O. The elevated photon flux of the synchrotron radiation source allows one to record one photoemission spectrum with a sufficient signal-to-noise ra-tio in Ϸ20 sec, thus allowing one to perform time-resolved measurements. No beam-induced damage of the adlayer was observed. An enhancement of the desorption rate for the metastable physisorbed state was excluded, since the desorption time is fully compatible with the adsorption energy E ad determined in the experiments in Genova, where no photons are present. The photoemission spectra were collected at an angle of 66°from the surface normal. The energy of the photoemitted electrons was calibrated with respect to the Fermi edge, recorded at low surface temperature T and at the same photon energy and analyzer pass energy employed in the measurements.
The Ag sample is a 10-mm-diameter disk oriented in the ͑100͒ direction within 0.1°, employed already in previous HREELS and XPS investigations. 1, 8, 9 The surface was prepared in situ by Ar-ion sputtering and annealing cycles to 700 K until no contamination could be detected within the XPS sensitivity, except in the C 1s region, and a sharp lowenergy electron-diffraction pattern was observed. Contrary to our previous experiments, we could not eliminate a weak and broad peak at a binding energy E B (C 1s)Ϸ284 eV, which also persisted after prolonged sputtering or after heating the sample to 700 K. Within the achievable sensitivity no counterpart of this peak was found in the O 1s region, ruling out oxygen containing contaminants. The peak thus presumably originates from graphitic carbon at the border of the sample, which is not expected to affect the outcome of the present experiment. This background signal was therefore subtracted from the spectra reported in the following figures and in the data analysis.
III. DATA PRESENTATION
In Fig. 1 we show the time-resolved photoemission spectra recorded while dosing pure ͓panel ͑A͔͒ and seeded ͓panel ͑B͔͒ ethylene. The crystal temperature T reads 95 and 91 K, respectively. In both cases the photoemission spectrum shows initially an asymmetric peak with a maximum at E B (C 1s)ϭ284.8 eV. The photoemission intensity grows with exposure and the maximum shifts. Eventually, after switching the beam off, the intensity at higher E B decreases within a few tens of seconds, indicating that this ethylene moiety has desorbed. The larger signal at higher E B present in the seeded beam experiment thus corresponds to the larger metastable coverage achieved because of the larger ethylene flux and of the lower T. In order to show this contribution, in Fig. 2 we report the difference spectra obtained by subtracting the upper spectrum of Figs. 1͑A͒ and 1͑B͒ ͑correspond-ing to the condition in which only chemisorbed ethylene is present͒ from some of the other spectra. Panels ͑A͒ and ͑B͒ still refer to the pure and seeded beam experiments. The metastable moiety is now well resolved at E B ϭ285.3 eV, and desorbs with time constants of roughly 10 and 30 sec at Tϭ95 and 91 K, respectively. Looking back at Fig. 1 , we see that the species with E B (C 1s)ϭ284.8 eV is, on the contrary, quite stable at these temperatures. Since the two experiments were performed with nearly the same ethylene doses, the different intensities achieved for this moiety with the two beams correspond to different adsorption probabilities.
The subsequent evolution with crystal temperature is shown in the series of spectra reported in Fig. 3 . First we note that desorption of the 284.8-eV moiety takes place below Tϭ111 K, the exact temperature depending on the heating rate. Second, after the desorption of this species the surface recovers a clean state when dosing is performed with pure ethylene; conversely, when dosing with the seeded beam a moiety with E B (C 1s)ϭ283.6 eV remains and is stable up to Tϭ150 K. Such an E B (C 1s) value is compa-FIG. 1. Real time XPS spectra recorded at low crystal temperatures while dosing ethylene with pure ͑A͒ and seeded ͑B͒ beams. The beam is switched off after the third spectrum from the bottom, and the subsequent spectra are recorded by waiting. The peak at E B ϭ284.8 eV is assigned to a weakly bound species, and the peak at larger E B to metastable physisorption. The different intensity of the latter species in the two experiments is determined by the different flux and temperature. rable with the value of 283.1 eV reported by Velic et al. 10 for bonded ethylene on Pd. This species is thus identified with the -bonded moiety reported previously. 1 Our data therefore confirm that the access into the -bonded state is activated, and that the barrier can be overcome by kinetic energy.
An adsorption experiment performed at Tϭ110 K with E i ϭ0.36 eV is shown in Fig. 4 . The intensity of the 284.8-eV peak corresponds to the equilibrium population at this T and ͑beam͒ pressure. It is observed therefore only while dosing with the beam. Contrary to the experiment of Fig. 2͑B͒ , no peak has formed at 283.6 eV, although the -bonded species is stable at this T. Its formation rate must thus have reduced considerably between 95 and 110 K.
Finally, for oxygen precovered Ag͑100͒, adsorption into the -bonded state also readily occurs at E i ϭ0.10 eV. In 9 At low T we again observe the two weakly bound ethylene species ͑at E B ϭ285.3 and 284.6 eV͒. After annealing to Tϭ123 K, a moiety with E B ϭ283.6 eV remains ͓Fig. 5, panel ͑B͔͒, and can thus be safely assigned to bonded ethylene. In accord with the previous HREELS work we conclude that the adsorption barrier is strongly reduced or even removed in the presence of oxygen. The desorption time of the metastable moiety with E B ϭ285.3 eV is compatible with the E ad ϭ0.247 eV/molecule determined previously for physisorbed ethylene 2 ͑assuming a prefactor of 10 12 Hz). The agreement is perfect for the pure beam experiment, while E ad has to be slightly lower ͑0.244 eV͒ for the seeded beam experiment. This difference arises because of the different metastable coverage, and this species is therefore assigned to ethylene physisorbed at terrace sites.
The 284.8-eV peak disappears below 111 K. The adsorption energy of this species can therefore be estimated to be 0.268 eV/molecule ͑assuming, as before, a prefactor of 10 12 Hz). At Tϭ105 K the residence time of this moiety is of the order of tens of seconds. It escaped therefore observation both in the retarded reflector ͑or King and Wells
12
͒ experiments ͑for which the residence time is too long to yield a measurable desorption flux͒ as well as in HREELS measurements ͑which need typically 20 min to be recorded͒. The presence of this moiety is indeed confirmed by retarded reflector experiments performed in Genoa at TϷ123 K, which show desorption with time constant of the order of 1 sec. Adsorption in this state is not expected to be activated. More reasonably the different population achieved after the same C 2 H 4 dose performed with pure and seeded ethylene beams indicates that physisorbed ethylene acts as precursor for the formation of the 284.8 moiety or that the sticking probability increases with coverage because of adsorbate-assisted adsorption. 13 As long as saturation is not reached, as is surely the case for the experiment in Fig. 1 , the coverage ⌰ of a metastable species can be calculated from the adsorption energy, the crystal temperature, the sticking coefficient, and the incoming flux by
⌰ϭ S⌽e
where is the pre-exponential factor and S the sticking coefficient. For the pure beam we obtain a metastable coverage of 0.05 ML, and for the seeded beam we obtain one of 0.17 ML. Neglecting photoelectron diffraction we can now estimate the coverage of the 284.8-eV moiety, which reads 0.05 ML for the pure beam and twice as much for the seeded beam case. Again neglecting photoelectron diffraction the coverage of the bonded species reads Ϸ0.04 ML for the clean surface. Such a coverage thus coincides with the one estimated from our previous HREELS experiments. 1 The intensities of the peaks at 284.8 and 283.6 eV, measured after adsorption on the clean surface, are reported vs T in Fig. 6 . They are obtained by fitting the time-resolved photoemission spectra with a fitting routine based on the DoniacSunjic theory. This analysis confirms that the intensity of the 283.6-eV feature is negligible for the pure beam experiment, while it is well above sensitivity in the seeded beam case. At Tϭ150 K, desorption takes place. Assuming a prefactor for desorption of 10 12 Hz we obtain an adsorption energy of 0.42 eV/molecule, fully compatible with -bonded ethylene.
Let us now address the problem of the nature of the activation barrier for adsorption of ethylene on clean Ag͑100͒, and the reasons why it is removed in the presence of oxygen adatoms. A recent theoretical investigation of the ethyleneAg system, performed by Kokalj et al., 4 found no chemisorption state for ethylene on clean ͑and flat͒ Ag͑100͒. On the other hand, a chemisorbed state was found at adatoms and at steps on the otherwise flat Ag͑100͒ surface. A similar result was found by King et al., 14 who reported that ethylene sticks to single Al atoms ͑the adsorption energy is 1.08 eV͒, while it is only physisorbed on the Al͑001͒ surface. Recently it was shown 15 that CO interacting with Pt͑110͒ induces the formation of defects at which it binds in an atop position. The process is convenient since the energy required to produce a defect is smaller than the one gained by CO when switching from bridge to atop positions. A similar scenario could also be appropriate for C 2 H 4 /Ag(100).
The nature of the relevant defect cannot be inferred from the present measurements. However, we found nonactivated ethylene chemisorption on Ag͑410͒ ͑Ref. 5͒ and Ag͑210͒. 16 These vicinal surfaces of Ag͑100͒ are characterized by the alternation of steps and terraces ͓three lattice spacings wide for Ag͑410͒ and only one for Ag͑210͔͒. Our data show that the barrier to the adsorption of ethylene in the -bonded state is removed and that the sticking probability decreases rapidly for molecules impinging on the surface at grazing angles for which the step heights are no longer exposed to the beam. Interestingly the adsorption energy on Ag͑410͒ ͑Ϸ0.4 eV/molecule͒ compares well with the present result.
A ͑110͒-like defect could be produced by impact by removing an atom. At a regular ͑100͒ site the energy balance of this process is prohibitive, since the final state consists of a hole plus an adatom so that four Ag bonds ͑of 0.2 eV each͒ need to be broken. The situation is even worse looking at the transition state, for which up to six bonds are temporarily released. 17 Since we have 0.4 eV of kinetic energy and 0.4 eV of adsorption energy at disposition, the generation of holes at regular sites can be excluded. Conversely the energy needed to remove an atom from a close-packed step could be sufficiently low since the energetic difference between the initial state ͑close-packed step͒ and the final state ͑step vacancy plus adatom at the step͒ is of only two Ag bonds, i.e., 0.4 eV. The transition state energy could still be cumbersome, but might be lowered by some type of cooperative motion. The estimated coverage of -bonded ethylene of Ϸ4% would, however, be compatible with the creation of ͑110͒-like sites at pre-existing closed packed steps only if a substantial roughening of the steps is induced by adsorption.
Finally, no adsorption in the -bonded state takes place at Tϭ110 K. A possible explanation for this is that the presence of weakly bound chemisorbed ethylene ͑the E B ϭ284.8 eV moiety͒ might lower the energy required to create the defect at the pre-existing step. Above its desorption temperature the population of the -bonded moiety would thus be suppressed. However, the presence of the latter moiety alone is not sufficient by itself, as otherwise chemisorption would also occur at E i ϭ0.10 eV, contrary to experimental evidence.
The removal of the adsorption barrier for the oxygen covered surface could arise for geometric or electronic reasons. Oxygen adatoms are known to induce a missing-row reconstruction, 9 which generates the same defect type as on Ag͑410͒, at which ethylene could easily chemisorb. However, chemisorption could be stabilised also by the negative charge of the oxygen adatoms.
V. CONCLUSIONS
In conclusion our findings indicate the following. ͑1͒ C 2 H 4 physisorption occurs on Ag͑100͒ below T Ϸ100-105 K in the submonolayer range. The spectroscopic signature of this moiety is a C 1s binding energy of 285.3 eV.
͑2͒ A weakly bound species, with a C 1s binding energy of 284.8 eV and an adsorption energy of 0.268 eV, is detected for TϽ110 K. The population of this state is possibly a necessary ͑but not sufficient͒ condition for the formation of -bonded ethylene. ͑3͒ -bonded ethylene, E B ϭ283.7 eV, forms only when dosing with the seeded beam and TϽ110 K. The adsorption process is thus activated. The barrier might correspond to the energy needed to create the reactive site at which chemisorption takes place. The process occurs at closed packed steps where less energy is needed to generate an open ͑110͒-like defect.
͑4͒ On O-covered Ag͑001͒, ethylene also readily chemisorbs at the lowest kinetic energy. Chemisorption is facilitated either because of the presence of the missing-row surface reconstruction induced by oxygen or by their negative charge.
